It is well known that adjacent contours can reduce the visual acuity of single letters. Although this has traditionally been considered only in terms of a neural-based interaction, it has recently been suggested that the information content in the stimulus may account for the interaction. Here we ask the question, ''Do similar interference effects occur for the discrimination of low-contrast letters whose size is larger than that corresponding to the resolution limit?'' If so, previous acuity-based interaction results may be of more general importance. We show that while there are interference effects of nearby contours, they are of a form different from that observed at the resolution limit. In particular, the contrast polarity of the nearby contour is unimportant, which in turn suggests that a physical explanation is inappropriate. Also, the discrimination of an easily resolvable, unflanked Landolt C target requires information over a much wider spatial-frequency range than its counterpart at the resolution limit.
INTRODUCTION
It has been known for some time that the proximity of nearby contours can have a detrimental effect on visual sensitivity. The first measurement of this effect, now referred to as contour interaction, was by Flom and co-workers, [1] [2] [3] who showed, using a Landolt C target, that nearby contours within a flanking distance of 2-3 times the gap size reduced performance for this acuity task. A number of authors have speculated that this effect is due either to limitations at a low level of visual processing [1] [2] [3] [4] [5] or to attentional influences at a high level of visual processing. 6, 7 The former can be thought of as either the lateral inhibition within a single detector or inhibitory influences from distant neurones for which there is anatomical 8 and physiological 9 support. Recently we 10 have shown that there may be a much simpler explanation, one based primarily on the physics of the stimulus, not on the physiology of the visual system. We showed that the discrimination of the orientation of a Landolt C target (to be referred to as ''Landolt C'') was achieved by a relatively narrow band of spatial frequencies centered on ϳ1.23 cycles/letter (c/letter). Furthermore, when nearby contours are brought in, the pertinent information content of the stimulus for doing this task shifts to higher spatial frequencies. We postulated that the detrimental effect of the nearby contours (e.g., contour interaction) results from the visual system's tracking this change in the information content of the stimulus. When the nearby contours are of contrast polarity opposite to that of the Landolt C, no such change in the information content of the stimulus occurs and no contour interaction results. We wondered whether the same rules applied for detecting an unflanked Landolt C and for the interference effects resulting from nearby flanking contours when the letter was easily resolvable. Specifically, is the relevant spatial-frequency range relatively narrow and centered at 1.2 c/letter, and is the lateral interaction dependent on the contrast polarity of the flanking contours? We were surprised to find that not only is the spatial-frequency range broader for detecting easily resolvable Landolt C's, but also the lateral interaction is polarity insensitive. This suggests that the previous acuity approach to Landolt C discrimination and contour interaction cannot be generalized to the more usual case of an easily resolvable stimulus.
METHODS

A. Apparatus
An Apple Macintosh computer controlled stimulus presentation and recorded subjects' responses. Programs for running the experiment were written in the Matlab programming environment (MathWorks Ltd., Natick, Mass.) with Psychtoolbox code. 11 Stimuli were displayed on a 21-in. (52.5-cm) Nanao FlexScan monochrome monitor, with a frame refresh rate of 75 Hz.
B. Stimuli
Landolt C stimuli were based on an annulus with a stroke width of 12 pixels and a total diameter of 60 pixels. A 12-pixel-wide gap was inserted into the annulus at the top, bottom, left, or right position on the annulus. Outline edges of the figure were not antialiased. In the flanked conditions, two horizontal (60 ϫ 12 pixel) bars were positioned above and below the C, and two vertical (12 ϫ 60 pixel) bars positioned to its left and right. Flank distance was defined as the distance from the edge of the bar closest to the C, to the outer edge of the annulus defining the C. The C subtended 0.6°at a viewing distance of 2.0 m. The standard stimulus appeared on a midgray (25 cd/m 2 ) background. The resolution limit for this task 10 is ϳ6 arc min for the angular subtense of the C; thus our stimulus size was approximately a factor of 6 times larger than that corresponding to the acuity limit. Flanks appeared either white (same contrast-polarity condition) or black (opposite contrast-polarity condition). Figure 1 shows a subset of the stimuli used. The contrast of the Landolt C was reduced until performance for discriminating the orientation of its gap was below 100%. This occurred for contrasts of between 3 and 5%, depending on the subject. The contrast of the flanking bars were typically set to 85%.
In the first filtering condition, patterns were spatially band limited by filtering (having positioned them centrally within a 256-pixel-square window) with an isotropic Laplacian-of-Gaussian (LoG) filter:
The filters used had peak spatial frequencies ranging from 0.83 to 6.3 c/letter and widths (full width at halfheight) of 1.6 octaves. In a control condition, ideal (sharp-edged) filters were used whose passbands had fixed center frequencies and variable bandwidth.
C. Procedure
Two subjects (one of the authors and one additional naïve subject) were tested fully (and abbreviated data was collected on two other subjects, both being authors). They were presented with a Landolt C stimulus for 500 ms and were required to judge whether the gap was in the top, bottom, left, or right position. We first measured subjects' ability to perform this task with unflanked C's at a variety of contrasts in order to determine the contrast for which performance was below ceiling level. The contrast that produced 85-95% correct discrimination of gap position was then used in subsequent conditions. This contrast was within the range 3-5%, depending on the subject. This task is one of neither letter detection nor letter identification, since subjects are asked to discriminate the position of the gap, so we refer to it as a discrimination task.
Runs consisted of 100 trials of one condition, but breaks were taken within runs to alleviate the effects of fatigue. At least three runs were performed for each condition.
Graphs show percent correct performance, with error bars indicating the standard deviation estimated from the normal approximation to the binomial distribution.
RESULTS
A. Discrimination of an Unflanked Landolt C
We first investigated whether the relevant spatialfrequency band (in cycles per letter) for detecting an easily resolvable stimulus was the same as that found previously for a stimulus at the resolution limit. 10 Initially, for comparison purposes, we used the same filtering as we had previously, namely, stochastic filtering where only the phases were randomized within a specified frequency range specified by a LoG filter. 10 Initially the contrast of the unfiltered C was set in the range 3-5% (depending on the observer) since this range corresponded to performance levels of 85-95% correct. To our surprise, when 2 . Discrimination of the position of the gap in a Landolt C (without flanking bars) as a function of filter peak spatial frequency (full bandwidth at half-height was 1.6 octaves). Solid symbols plot percent correct for two subjects against filter peak spatial frequency (LoG filter) for discrimination of the lowcontrast, easily resolvable Landolt C (angular subtense of C was 0.6°; n ϭ 300; error bars plot the standard deviation estimated from the normal approximation to the mean). Open symbols plot previous data (average for two subjects) for the Landolt C at the acuity limit (determined for each subject). Spatial frequencies are plotted in cycles per letter.
we filtered the C, performance fell to change levels for all center frequency positions of the bandpass filter (full width at half-height 1.6 octaves), suggesting that no single restricted frequency band carried enough information to support performance equal to that in the unfiltered case. To be sure that this was the right conclusion rather than its being due to masking from the phase-scrambled components outside the filter's passband, we repeated these measurements but this time with the amplitudes of all the components outside the passband set to zero (i.e., linear filtering). The same result was obtained: No single filter position resulted in performance equal to that found in the unfiltered condition. To measure the effects of filtering, we had to increase the contrast of the Landolt C before filtering (from ϳ3-5% to 8%). Though this resulted in ceiling levels of performance for the unfiltered case, it did allow us to measure the effects of filtering. These results for two subjects are shown in Fig. 2 as solid symbols. The open symbols refer to the filtering result (average for two subjects) that we had previously obtained 10 with the same stimulus when it was presented at the resolution limit. Two clear differences are apparent: When the stimulus is within the resolution limit (i.e., easily resolvable), the filtering function is broader (approximately twice as wide) and extends to higher spatial frequencies (approximately a factor of 2 higher). The broader filtering function suggests that for this lowresolution letter-discrimination task to be accomplished, either the underlying mechanism has broader spatial tuning or information has to be combined across multiple narrower-band mechanisms. This result is consistent with our preliminary observations at the lower contrast in that performance could not be supported by a single 1.6-octave-wide passband. The displacement of the filtering curve to higher spatial frequencies suggests that the relevant spatial-frequency range for accomplishing this task for easily resolvable stimuli is very different from that when the stimulus is at the resolution limit.
One prediction from the above conclusion is that only filters of relatively broad bandwidth will produce performance levels comparable to the level obtained without filtering. To test this prediction, we used an ideal linear filter of variable bandwidth and center position. The unfiltered Landolt C was set to 3-5% contrast (3.5% for CW and 5% for RH) to produce below-ceiling performance. Figure 3 shows data for two subjects for the relationship between filter bandwidth and percent correct, the horizontal line representing unfiltered performance for the low-contrast C. As predicted from the results of Fig. 2 , filter bandwidths in excess of 2-3 octaves are required for performance to reach levels comparable to that found for an unfiltered C.
B. Discrimination of a Flanked Landolt C
Next we investigated whether the interference effects produced by flanking contours were similar for easily re- Fig. 3 . Discrimination of the position of the gap in a lowcontrast (3% for CW and 5% for RH) Landolt C (without flanking bars) as a function of filter bandwidth (linear, ideal filter) for three center frequencies of the filter, for two subjects. The horizontal dashed lines represent either the performance level for detecting an unfiltered version of the stimulus. Regardless of the filter position, for performance similar to that in the unfiltered case, filter bandwidths in excess of 2 octaves are required. Spatial frequencies are plotted in cycles per letter. n ϭ 300; error bars plot standard deviations. solvable and just-resolvable letters. We tested the effects of flank polarity because we had previously shown that, at least for contour interaction at the resolution limit, only flanks of the same polarity as the Landolt C produced interference. These results are shown in Fig. 4 for two subjects. Performance is clearly reduced when the flanking bars are within two bar-width separations. The magnitude of the interference, in terms of percent correct, is similar to that previously found for stimuli presented at the resolution limit. Of interest is the finding that the interference effect for stimuli well within the resolution limit, unlike its resolution counterpart, does not depend on the polarity of the flanking contours (compare open with solid symbols).
To ascertain whether the reduced performance that resulted from the presence of flanking contours was associated with a change in the spatial scale of analysis, as it was for the resolution counterpart, we measured the effects of spatial filtering (linear filtering) when adjacent flanking contours were present. These results are displayed in Fig. 5 for two subjects. The data have been fitted by log Gaussians where the peak position, the standard deviation, and the peak height could vary. As was the case at the acuity limit, 10 our fits suggest that there is both a reduction in the peak height and a shift of the peak position to higher-letter spatial frequencies (both significant at the 95% level; tolerance on maximum-likelihood fits were derived from Monte Carlo simulation). There is a greater reliance on higher letter spatial frequencies in the flanked compared with the unflanked condition.
DISCUSSION
Our aim was to see if the previous results on Landolt C discrimination and contour interaction that had been obtained at the resolution limit could be generalized to the more usual case for vision, namely, an easily resolvable stimulus. We conclude that it cannot. The rules and possibly the mechanisms by which we discriminate an unflanked Landolt C and the ways that adjacent contours interfere with this discrimination are different for an easily resolvable stimulus.
In the unflanked case, stimuli that are well within the resolution limit, unlike their counterparts at the resolution limit, 10 not only rely on higher letter spatial frequencies but also use information across a wider frequency band. The second of these differences may be more important than the first. The fact that lower letter spatialfrequency information underlies performance in the acuity case is just another way of saying that performance in this case is governed by subtle shape changes to the overall C that result when the gap occupies different positions. It seems that in doing the resolution task, one's responses are based on where an area of flattening is perceived on an otherwise circular figure. The gap in the C is not perceived at the angular sizes of the C that correspond to the resolution limit. The effectiveness of this cue will depend on the letter involved, and this may explain why other studies 12, 13 that have used a letteridentification task have come up with estimates of ϳ2-3 c/letter. That performance in the resolution case can be supported by a relatively narrow band of letter spatial frequencies, whereas in the easily resolvable case information is utilized across a wider band of letter spatial frequencies. Unlike the former difference (i.e., use of higher letter spatial frequencies in the easily resolvable case), this latter difference (i.e., use of a wider band of spatial frequencies in the easily resolvable case) does not simply follow as a consequence of our sensitivity being reduced at higher letter spatial frequencies. Both Solomon and Pelli 12 and Chung and Legge 13 have argued that letter identification is supported by an octave band of relevant letter spatial frequencies, although there is an indication that, at least for a contrast-threshold task, a wider range of letter spatial frequencies may in fact be needed.
14 Although there are clear changes in the type of spatial information being used for the discrimination of the C when the flanks are at 1 bar-width separation (Fig. 5) , performance nevertheless is only slightly reduced.
The finding that opposite-polarity flanks do not produce interference for letters at the resolution limit is consistent with either a purely physical explanation 10 or an early linear, neural explanation, 1 as is the shift in the underlying filtering function when adjacent flanks are present. The finding that this is not the case for the same letter whose size is well within the resolution limit suggests that the interference in this case must be neural and occurring at a stage where opposite contrast-polarity information is treated similarly by the visual system. Contour interaction, whether for stimuli at the resolution limit or for easily resolvable stimuli, involves a selective reduction in the contribution of lower letter spatial frequencies as adjacent flanks are moved closer. To some extent this is not that surprising since it simply means that as flanks get closer, higher letter spatial frequencies are relied on, presumably because the lower-frequencytuned mechanisms have larger summation areas and hence are first affected by distant flanks. At first glance, this type of explanation is consistent with a filtering explanation (or indeed with a physical explanation). However, the lack of effect of the contrast polarity of the flanks argues against any linear filtering (or indeed physical) explanation. There is some support 15 for the idea that these lateral interactions occur between ''features'' rather than between ''frequencies.'' Our finding of a lack of dependence on contrast polarity is consistent with this distinction, though it is clear that the discrimination underlying our task is affected in a frequency-specific way as flanking contours approach.
